S
EVERE COMBINED IMMUNE DEFIciency (SCID) is a heterogeneous group of inherited dise a s e s w i t h a n e s t i m a t e d frequency of 1 in 50 000 to 100 000 live births. 1 It is characterized by significant impaired immunity leading to death in infancy unless treated by hematopoietic stem cell transplantation. The optimal treatment for most patients with SCID is bone marrow transplantation (BMT) from a related, HLAidentical donor (RID). 2 Unfortunately, such donors are found for only a minority of patients with SCID. 3, 4 As an alternative, stem cell transplantations from HLA-mismatched related donors (MMRDs) have been commonly attempted. 5 However, compiled experience of BMT for SCID from Europe revealed that in 294 recipients of MMRD BMT, 3-year survival was only 54%. 5 Furthermore, in another study, careful analysis of survival according to the degree of HLA identity showed that frank haploidentical (half-matched) transplantation resulted in only 25% to 30% long-term survival in patients with primary immunodeficiency. 6 This low success rate may reflect the intense Tcell depletion required to prevent graftvs-host disease, which contributes to slower immune reconstitution with prolonged periods of increased susceptibility to infections. [7] [8] [9] Human leukocyte antigen-matched unrelated donors (MUDs) represent another potential source of marrow for transplantation. There have been several reports of small groups of patients with SCID who have undergone transplantation using stem cells from MUDs, including our own experience. 5, 6, [10] [11] [12] [13] [14] However, the literature has lacked a detailed description with prolonged follow-up of a large cohort of patients with SCID who received MUD BMT. In addition, outcome among various phenotypes and genotypes of SCID, which may affect survival after BMT, has not been carefully analyzed. 3, 15 Recent studies have suggested a timedependent loss of function following T cell-depleted MMRD BMT, associated with progressive lymphopenia, a restricted T-cell repertoire, decreased thymic output as indicated by reduced levels of T-cell receptor excision circles, and abnormal humoral immunity. 16, 17 Little information is currently available on long-term restoration of immune function in infants with SCID treated by MUD transplantation.
Herein, we compare the long-term outcomes of a large group of patients diagnosed as having SCID who received RID, MUD, or MMRD BMT during a particular period of time.
METHODS

Patients
Two centers specializing in the management of SCID participated in this study: the Hospital for Sick Children in Toronto, Ontario, and the Department of Pediatrics at the University of Brescia, Italy. This is a retrospective analysis of data derived from patient charts and databases. All 94 patients who were diagnosed as having SCID in both centers and who received RID, MUD, or MMRD BMT between January 1, 1990 , and December 31, 2004 , were assessed for this study. Patients were excluded from analysis if they received BMT for HLA class II deficiency, hyper IgM syndrome, WiskottAldrich syndrome, hemophagocytic lymphohistiocytosis, or X-linked lymphoproliferative disease because of the heterogeneity of clinical presentations, the selective and inconsistent nature of treatment choices, and the lack of a profound T-cell defect common to SCID. Patients were also excluded if they received another type of stem cell transplantation (eg, peripheral blood or cord blood). To assess the effect of variables such as parenteral nutrition and the introduction of new antiviral agents, which changed over the 15-year duration of the study, we evaluated survival separately during the first and second halves of the study period (1990-1997 and 1998-2004) . 15 This resulted in 2 comparable groups of patients who had received either MUD or MMRD BMT in each period. The study was reviewed and approved by both hospitals' ethics boards. Written consent for participation in this study was obtained from the parents or legal guardians of all patients.
Bone Marrow Transplantation
From diagnosis until discharge, all patients were admitted to and treated in laminar-flow units. 18 Related, HLAidentical donor transplantation was the preferred treatment in both centers. In the absence of RID, in Toronto MUD BMT was offered as the preferred treatment when possible, whereas in Brescia either MMRD BMT or MUD BMT was offered. Unstable patients, defined as those who required admission to intensive care units or mechanical ventilation, were assigned to receive MMRD BMT in Brescia and MMRD BMT or MUD BMT in Toronto.
Pretransplant myeloablative conditioning, intended to eliminate residual immunity, typically included busulfan followed by cyclophosphamide.
11
Some patients also received 1 or more of the following: antithymocyte globulin, etoposide (VP16), thiotepa, melphalan, fludarabine, or methotrexate. To reduce graft-vs-host disease, MMRD bone marrow underwent ex vivo Tcell depletion using Campath IG (rat IgG2b; Wellcome Biotech, Beckenham, England) (16 patients) or CD34 ϩ selection (24 patients) as previously described, 19 while bone marrow from MUDs (41 patients) and RIDs (13 patients) was not modified. Graft-vshost disease prophylaxis for MUD BMT consisted of cyclosporine combined with methylprednisolone and/or methotrexate. 11 In some patients, antithymocyte globulin was added.
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Laboratory Evaluations
Laboratory investigations for the diagnosis of SCID and for evaluating immune reconstitution after BMT included assessment of humoral and cellular immunity, as previously described. 11 Serum levels of IgG, IgM, IgA, and IgE were measured and the ability to generate antibodies to protein antigens of tetanus, polio, or hepatitis B were determined after immunization. T and B lymphocytes as well as natural killer cell markers were analyzed using flow cytometry.
21 CD3 ϩ T-lymphocyte counts of less than 1000/µL, CD3 ϩ CD4 ϩ Tlymphocyte counts of less than 500/ µL, CD19
ϩ B-lymphocyte counts of less than 50/µL, and natural killer cell counts of less than 50/µL were considered abnormal. T-cell function was assessed in vitro by comparing mitogenic responses of lymphocytes obtained from patients and healthy control individuals, as previously described. 21 Stimulation index was calculated as the ratio between stimulated and unstimulated lymphocyte responses and was considered abnormal when the patient stimulation index was less than half the response of healthy individuals. Thymic function was assessed by measuring the frequency of different T-cell receptor V ␤ groups and by determining T-cell receptor excision circles as recently described. 19, 21 Skewed T-cell repertoire (oligoclonal) or T-cell receptor excision circles below 20 000 per 10 6 lymphocytes were considered abnormal. 19 Sequence analysis of genes typically associated with SCID was performed using standard techniques. 22, 23 Human leukocyte antigen typing to ascertain recipient-donor compatibility was performed for HLA class I (A, B) and class II (DR) using serology. Class II HLA was further analyzed by DNA hybridization with sequencespecific oligonucleotide probes. 11 To determine engraftment, the ratio between recipient and donor lymphocyte DNA was analyzed using a Y-specific probe or restriction fragment-length polymorphism.
once every 6 to 12 months. Acute or chronic graft-vs-host disease was documented at every follow-up visit and the severity of acute graft-vs-host disease was graded according to Glucksberg et al. 24 Donor lymphocyte engraftment was determined at 1, 3, 6, 12, 18, and 24 months after BMT and yearly thereafter. Therefore, graft failure was recorded only for patients who survived more than 1 month after transplantation. 5 Graft failure was defined as an absence or progressive loss of donor lymphocytes. A period of up to 2 years after transplantation is typically required to slowly remove immune suppression prophylaxis. Therefore, longterm immune reconstitution was assessed at least 2 years after BMT and once immune suppression had been discontinued.
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Statistical Analysis
Survival, defined as the time from BMT to death or to last contact, was censored on December 31, 2004 . Statistical analysis was performed with SAS software, version 9.1 (SAS Institute Inc, Cary, NC). Cross-classified comparisons were analyzed by 2 tests. Fisher exact tests were used when the expected results were 5 or fewer in cells. For comparison of continuous data, t tests were used and comparisons were adjusted for unequal variance. Comparison of survival rates in the treatment groups was analyzed by the logrank test. Kaplan-Meier survival curves were constructed to graphically represent survival in the different groups. A test of proportional hazards assumption was not significant, as illustrated by the fact that the Kaplan-Meier survival curves did not cross. Two-factor Cox regressions were used to test the effect on survival of patient sex, molecular diagnosis, and the time of BMT, factors previously shown to affect prognosis. 3, 5, 15, 25 The 2-factor models were used since the number of patients who died limited the assessment of significance with 80% power at the .05 level of significance. More than 2 factors in the same model with a sample having this number of events would have resulted in insufficient power to detect change. Differences were considered statistically significant at PϽ.05.
RESULTS
Patient Groups
Of 105 infants with SCID who received stem cell transplantation at the 2 centers during the study period, 11 were excluded. Two patients who received HLA-mismatched transplants from unrelated donors were excluded. One received a transplant from a DR-mismatched donor, while the other had a donor-recipient mixed lymphocyte reaction of 35%. A third patient, who received an unrelated bone marrow harvest that contained a low white blood cell count (likely peripheral blood), was also excluded. Also excluded from the analysis were 5 patients who received intrauterine transplants, 2 patients who received peripheral blood stem cells, and 1 patient who received a cord blood transplant.
Thirteen, 41, and 40 patients diagnosed with SCID who received RID BMT (TABLE 1), MUD BMT (TABLE 2), or MMRD BMT (TABLE 3) , respectively, were included in this study. Fourteen of the MUD BMT patients have been previously reported. 11 The median ages of diagnosis were 5 months, 4 months, and 4 months, respectively. The median time from diagnosis to RID BMT was 1 month (range, 0-4 months) and the median time to MMRD BMT was 2 months (range, 0-11 months). The median time from diagnosis of SCID to MUD transplantation was 4 months (range, 1-9 months).
Myeloablation conditioning to eliminate residual recipient immunity and facilitate donor engraftment was given to 3 (25%) of 12 patients who underwent RID BMT, 40 (97.6%) of Abbreviations: AC, autoimmune cytopenia; ADA, significantly reduced adenosine deaminase activity; AGvHD, acute graft-vs-host disease; BMT, bone marrow transplantation; FOXP3, mutation in the FOXP3 gene; IL-7R␣, mutation in the gene for ␣ chain of the interleukin 7 receptor; Omenn, Omenn syndrome; RAG, mutation in the recombinationactivating gene; RID, family-related, HLA-identical donor; SCID, severe combined immune deficiency; T− BϩNKϩ, T-cell count and function reduced, B-cell count normal or increased, and natural killer cell count normal; ␥c, mutation in the gene for common ␥ chain of the interleukin 2 receptor; ZAP70, mutation in the ZAP70 gene. Abbreviations: AC, autoimmune cytopenia; ADA, significantly reduced adenosine deaminase activity; AGvHD, acute graft-vs-host disease; ARTEMIS, mutation in the ARTEMIS gene; BMT, bone marrow transplantation; CD3␦, mutation in the CD3␦ gene; CGvHD, chronic graft-vs-host disease; IL-7R␣, mutation in the gene for ␣ chain of the interleukin 7 receptor; JAK3, mutation in the Jak-3 gene; MUD, HLA-matched unrelated donor; Omenn, Omenn syndrome; RAG, mutation in the recombination-activating gene; RMRP, mutation RNA component of the mitochondrial RNA-processing endoribonuclease gene; SCID, severe combined immune deficiency; T−BϩNK−, T-cell count and function reduced, B-cell count normal or increased, NK cells absent; T−B−NKϩ, T-cell count and function reduced, B-cell count reduced, natural killer cell count normal; T−BϩNKϩ, T-cell count and function reduced, B-cell count normal or increased, natural killer cell count normal; ␥c: mutation in the gene for common ␥ chain of the interleukin 2 receptor; ZAP70, mutation in the ZAP70 gene. An unstable clinical condition at time of diagnosis has traditionally been one of the major arguments to proceed with transplantation urgently. In our study, the 2 patients who received RID BMT after being clinically unstable survived. Among the 81 patients who received MUD or MMRD BMT, there were only 9 clinically unstable patients, 3 at Brescia and 6 at the Hospital for Sick Children. Four of the 6 unstable patients at Toronto were stabilized and subsequently treated with MUD BMT; 3 (75%) survived. Five patients received urgent MMRD BMT, 1 (20%) of whom survived.
Complications Following BMT
Complications after RID, MUD, or MMRD BMT are detailed in Tables 1,  2 , and 3, respectively, and summarized in Table 4 . Lower respiratory tract infections and interstitial pneumonitis were diagnosed in 3 (7.3%) of 41 patients and 14 (35.0%) of 40 patients following MUD and MMRD BMT, respectively (P=.002). Importantly, interstitial pneumonitis was the most common cause of death after transplantation, particularly after MMRD BMT. It caused death in 11 (27.5%) of the 40 patients who received MMRD BMT but only in 1 (2.4%) of the 41 patients who received MUD BMT (P = .001). Respiratory complications were not reported in patients who received RID BMT.
Acute graft-vs-host disease was documented in 30 (73.1%) of 41 patients who received MUD BMT, compared with 18 (45%) of 40 patients after MMRD BMT (P=.009). Acute graft-vshost disease also occurred in 4 (30.8%) of the 13 patients who received RID BMT, which was significantly less than after MUD BMT (P = .008) but not significantly different from MMRD BMT. However, grade III or higher acute graftvs-host disease was seen in only 9 (21.9%) of 41 patients following MUD BMT compared with 6 (15.0%) of 40 patients after MMRD BMT, a difference that was not statistically significant. Acute graft-vs-host disease was the most common cause of death among MUD BMT recipients (3 [7. 3%] of 41 patients) yet was not significantly different than in recipients of MMRD BMT (0 of 40 patients).
Chronic graft-vs-host disease, which most often involved the skin and mucous membranes, was diagnosed in 8 of 35 patients after MUD BMT, compared with 2 of 31 who received MMRD BMT (P =.06). After MUD BMT, 1 patient developed fatal graft-vs-host disease of the liver, while another had bone marrow failure that may have been associated with chronic graft-vs-host disease. Chronic graft-vs-host disease of the lungs was the cause of death in 1 patient after MMRD BMT. No RID transplant patients developed chronic graft-vs-host disease.
Other noteworthy posttransplant complications included infections, autoimmune hematopoietic disorders, and neurologic abnormalities. Following RID BMT, 1 patient had cytomegalovirus retinitis, which improved with treatment. Significant infections after MUD BMT included fatal Streptococcus viridans sepsis in 1 patient and fatal cytomegalovirus-associated interstitial pneumonitis in another. Cytomegalovirus chorioretinitis was detected in 1 patient, while another developed Pneumocystis jiroveci pneumonia after treatment with rituximab. Among the patients who received MMRD bone marrow, 2 had fatal disseminated cytomegalovirus infection and 2 died of P jiroveci-associated pneumonitis. Autoimmune hematopoietic disorders occurred in 6 and 5 patients following MUD and MMRD transplantation, respectively. In addition, after MUD BMT, 2 patients developed myocarditis, while 1 case each of polymyositis and bronchiolitis obliterans were recorded. Neurologic disorders were observed in 4 patients who received MMRD BMT.
In contrast with the high frequency of complications shortly after transplantation, late complications were rare. They included neurologic defects in 1 MUD, 1 MMRD, and 2 RID BMT patients. Two patients had chronic graftvs-host disease after MUD BMT and 1 patient had recurrent lower respiratory tract infections after MMRD BMT. No patient had autoimmune phenomena or malignancy.
Engraftment and Long-term Immune Reconstitution
No patient who received RID bone marrow experienced graft failure, while it was observed in 3 of 41 patients who received MUD BMT (7.3%). Repeated MUD BMT in these patients led to full engraftment in 2 of the patients, while the third died shortly after transplantation. Among the 40 patients who received MMRD BMT, 12 (30.0%) lost the donor graft and required a second MMRD transplant, a significantly higher rate of graft loss than with MUD BMT (P = .009). The repeated MMRD BMT led to complete donor engraftment in only 4 patients. Two patients underwent a third MMRD BMT, 1 of which was successful.
To evaluate long-term immune reconstitution, data were analyzed from 12 RID BMT (TABLE 5), 26 MUD BMT  (TABLE 6) , and 18 MMRD BMT patients (TABLE 7) who had survived for 2 years or more after transplantation. The median time from transplantation to the most recent immune function evaluation was 96 months for RID BMT (range, 30-168 months), 90 months for MUD BMT (range, 24-168 months), and 92 months for MMRD BMT (range, 30-156 months). As expected, complete donor lymphocyte engraftment was demonstrated in only 3 (25%) of 12 patients after RID BMT because myeloablative conditioning typically is not required prior to transplantation. Complete donor engraftment was documented in 23 (88.5%) of 26 MUD BMT patients and in 12 (66%) of 18 MMRD patients, a difference (P=.08) that did not achieve statistical significance.
Intravenous immunoglobulin replacement therapy was still required in 1 RID, 1 MUD, and 2 MMRD BMT patients. All BMT patients (RID, MUD, or MMRD) who did not receive intravenous immunoglobulin were able to produce antibodies to tetanus, polio, and hepatitis B vaccines.
Lymphocyte subsets and lymphocyte function were analyzed in 12 RID, 26 MUD, and 18 MMRD BMT patients, with no significant statistical difference between MUD and MMRD. Similarly, there was no difference in achieving normal T-cell receptor excision circles. In contrast, while a normal distribution of T-cell receptor 
COMMENT
Severe combined immunodeficiency is a fatal disease unless treated with stem cells capable of reconstituting a normal immune system. 17 The best treatment results have been achieved by using family member donors who are HLA-identical to the recipient. 4, 5 In agreement with previous studies, we report here a 92.3% long-term survival rate for patients who received RID BMT. Unfortunately for most patients with SCID, including more than 85% of our patients, such donors are not available and other solutions, such as MMRD or MUD BMT, must be considered. 4 Herein we have described and compared the outcomes between groups of 41 and 40 SCID patients who received MUD BMT and MMRD BMT, respectively, during the same period and in the same centers. This study, which contains the largest group of patients with SCID to have undergone MUD BMT, reveals a survival rate of 80.5% for MUD BMT, which is consistent with or better than results previously reported with smaller cohorts. 6, 11, 13, 14 Survival of patients undergoing MMRD BMT has been reported to vary between 45% and 78% 5, 25, 26 and, indeed, in this study, we show a survival rate of 52.5%. The differences between these reports may reflect variability in patient selection, techniques of T-cell depletion, or, alternatively, inconsistent definition of criteria for HLA matching. 6 Our study, which details large groups of SCID patients treated in 2 centers, has provided a unique opportunity for direct and detailed comparison of MMRD BMT and MUD BMT, showing a significant survival advantage for patients who received MUD transplants.
Our study shows that MUD BMT not only leads to a significant increase in survival of SCID but also results in excellent long-term immune reconstitution. The ultimate purpose of BMT for patients with SCID is to fully restore immune function and return patients to normal unrestricted lives indefinitely.
More than 80% of the patients who received a MUD transplant showed robust immune reconstitution. Humoral immunity was also completely reconstituted in all but 1 patient (who had not received pretransplant conditioning). Importantly, none of the longterm survivors had evidence of increased susceptibility to infections or malignancy. In contrast, close to one third of MMRD BMT recipients required a second transplant because of graft failure, and 38.9% of long-term survivors had abnormal distribution of T-cell receptor variable ␤ chain expression. Our findings are in agreement with recent reports detailing immune dysfunction following MMRD BMT for SCID. 16, 27, 28 To avoid severe graft-vshost disease, a rigorous depletion of donor T cells is required with MMRD BMT. 2, 29 Unfortunately, this necessary T-cell depletion may contribute to delayed and abnormal engraftment, resulting in increased incidence of infection or immune dysregulation. [7] [8] [9] 25, 30 Perceived limitations of MUD BMT as a therapy have been the delay in treatment dictated by the time Table 7 . Immune Reconstitution After MMRD BMT for Severe Combined Immune Deficiency required to obtain bone marrow and the concern of failing to identify a donor in the registries. 31 However, the latter concern has been greatly alleviated by the continuous expansion of the international unrelated donor base. 32 For all but 1 patient (who was of African origin), we were able to find an acceptable donor. The median time from diagnosis to MUD BMT in this study was only 4 months. This is shorter than previously reported, 33 probably due to the expansion and improvement of bone marrow donor registries. 34 Still, the median time from diagnosis to transplantation in the MMRD BMT group was only 2 months. However, 30% of patients receiving MMRD BMT required repeat transplantation. Thus, the actual median time from diagnosis to final MMRD transplantation increased by 1 month, eliminating some of the potential advantage of MMRD. In addition, the need for repeated transplantation frequently led to reexposure of patients to myeloablation.
It has also been suggested that prolonged hospitalization of patients prior to transplantation might expose them to increased risk. However, our experience has been strikingly different. We did not observe clinical deterioration while waiting for a transplant, and no patient was lost because of such delay. On the contrary, in many cases we used this time to control infections and to improve patients' nutritional status, factors well known to affect outcome. 35 Even among patients who required assisted ventilation prior to MUD BMT, we did not observe increased mortality. In addition, mortality rates were not different for patients who were rushed to receive MMRD transplant because of a perceived urgency in clinical condition vs those who were in stable clinical condition. Together these results may challenge the instinct to rush to BMT while patients are clinically unstable, especially when myeloablation is prescribed.
A major complication of bone marrow transplantation in SCID is lifethreatening infection, especially of the lower respiratory tract. 6, 25 We show here that interstitial pneumonitis, most frequently caused by viral or fungal infections, was far more common in MMRD BMT recipients than in MUD BMT (P = .002). Indeed, interstitial pneumonitis was the most common cause of death among MMRD recipients, resulting in 27.5% patient mortality. A second significant threat to patients with SCID who receive transplants from donors other than RID is graft-vs-host disease. Between 45% and 85% of children are reported to develop acute graft-vs-host disease following MUD BMT, 36, 37 despite various combinations of prophylactic treatments. Consistent with these data, 73.1% of the patients in our series developed acute graft-vs-host disease. Although acute graft-vs-host disease was transient and limited to the skin in most MUD BMT patients, it was the major cause of death in patients who did not survive. In some patients, graft-vshost disease erupted or worsened when rapid reductions in immunosuppressive prophylactic treatments were attempted, emphasizing the need to establish strict guidelines to assist in the management of graft-vs-host disease when this procedure is used.
Acute graft-vs-host disease has been reported at lower incidence (46%-66%) after MMRD BMT. 38, 39 In full agreement, 45% of the patients in our MMRD BMT group developed acute graft-vs-host disease, significantly lower than the frequency of acute graft-vshost disease in MUD BMT recipients. However, there was no significant difference in the frequency of grade III or higher acute graft-vs-host disease between patients receiving MUD and MMRD transplants. Assessment of larger groups of patients with highgrade acute graft-vs-host disease will be required to reveal whether there is a significant difference in the pathogenesis and consequences of graft-vs-host disease arising from MUD and MMRD BMT. We anticipate that future improvements in graft-vs-host disease prophylaxis, such as the use of antithymocyte globulin, and graft-vs-host disease treatment will help reduce the morbidity and mortality associated with graftvs-host disease, further improving the success of MUD BMT.
In addition to our primary analysis, we also identified the molecular and functional causes of SCID in more than 65% of our patients, thereby enabling some comparison of MUD BMT and MMRD BMT according to phenotypic or genetic defect. We found that the survival of patients with B− SCID, such as those with Omenn syndrome or mutations in the RAG-1, RAG-2, and ARTE-MIS genes, was not different from the survival of Bϩ SCID. Previous studies had shown disappointing outcomes, with as low as 35% disease-free survival for those with B− SCID undergoing MMRD BMT. 5, 15 Thus, MUD BMT may be a particularly attractive alternative for patients with B− SCID, although further study with larger patient groups will be required to confirm these findings.
This study has a number of limitations. It was conducted at only 2 centers and, therefore, generalizability is unknown. A relatively small number of patients were included, especially limiting subgroup analyses. Patients were not randomly assigned to MUD vs MMRD BMT, and unmeasured confounders may have influenced the outcomes.
In conclusion, we have demonstrated that MUD BMT has an 80% cure rate for SCID and is associated with long-term robust immune reconstitution, suggesting that this mode of treatment may be an important therapeutic alternative for patients with SCID when RID is not available. The continuing expansion of donor registries, advances in HLA analysis, and better management of graft-vs-host disease are expected to further improve outcomes of MUD transplantation.
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